Nickel-based superalloys are gaining importance for their growing usage in aerospace industries. Amidst the various advanced machining processes, electro discharge machining (EDM) is considered to be an important one for its ability to machine materials irrespective of its intrinsic properties. In this study, Inconel 718 is considered as a work material, and an L 18 orthogonal array (OA) experimental plan is utilized to machine the work material. The influential factors, which affect the EDM performance characteristics, are identified using analysis of variance (ANOVA). Not much work has been done regarding using grey-Taguchi technique for order of preference by similarity to ideal solution (TOPSIS) methods, although these methods can be easily applied for multi-objective optimization. These methods provide the best results with the available sparse data. The best combination of machining factors is determined using grey-Taguchi and TOPSIS methods. Based on the conducted experiments, voltage (V) and pulse off-time (t off ) show a notable contribution on output performance. The optimal combination of input parameter through grey-Taguchi is found to be 10 A, 30 V, 200 µs, and 20 µs respectively, for the EDM parameters: current (I), V, pulse on-time (t on ) and t off for improved response. Moreover, the best parameter setting (I = 10 A, V = 30 V, t on =100 µs and t off = 20 µs) is identified using the TOPSIS method for the performance measures machining rate (MR), tool wear rate (TWR), overcut (OC), and taper overcut (TOC). Further tool wear behaviour is also studied through scanning electron microscope (SEM) images by varying the voltage.
INTRODUCTION
Electro discharge machining (EDM) has a one-off significant process for the machining of hard materials and superalloys. Heat-resistant superalloys (HRSA), especially the Inconel alloy, find applications in aerospace and marine components, cryogenic storage tanks, and nuclear reactor components. Understanding the importance of the Inconel alloy, manufacturing scientists and engineers are attempting to understand the behaviour of it through EDM processes. In the machining of Inconel 718, Shen et al. [1] applied high-speed EDM with air as a dielectric medium and produced components with better surface quality. The importance of powder-mixed dielectric fluid in the EDM for machining Inconel alloy was analysed by Talla et al. [2] . The researchers revealed better results for surface quality and accuracy while using different powders, such as graphite, silicon, and aluminium [3] and [4] . Torres et al. [5] investigated the behaviour of an Inconel 600 alloy through EDM process. They studied the electrical parameters' influence and concluded that the change in polarity has a significant influence on surface quality.Tanjilul et al. [6] reported that a novel flushing method and a machining current significantly influences the debris removal. The size of the debris particles increases with increasing machining current. Rajesha et al. [7] studied the effect of process parameters such as current, duty cycle, sensitivity control, inter-electrode gap control, and flushing pressure on the material removal rate (MRR) and surface roughness (SR). They found that the pulse current and duty factor has the highest influence. Kuppan et al. [8] reported that the MRR and SR increase with the increase in peak current, duty factor, and electrode speed.
Analysis of EDM Process Parameters on Inconel 718
Using the Grey-Taguchi and Topsis Methods Mohanty et al. [9] conducted an L 9 orthogonal array (OA) and optimized the EDM process parameters of Inconel 825 using grey relational analysis (GRA). The parameters combination ( I (1A), t on (10 µs), and duty cycle (75 %)) showed good results for the rate of material removed, surface quality, and radial overcut. Mohanty et al. [10] highlighted the importance of cryogenic treatment of tool in EDM on output performance using technique for order of preference by the similarity to ideal solution (TOPSIS) method and teaching-learning-based optimization algorithm. Dang [11] optimized the EDM parameters using a kriging model and particle swarm optimization method,finding that the model and method is suitable for the optimization of EDM process. Lin et al. [12] optimized and enhanced the EDM process parameters for Inconel 718 through multi-objective optimization technique using grey-Taguchi. Muthuramalingam and Mohan [13] machined SS 201 through EDM and established the importance of peak current. Lin et al. [14] conducted experiments on Ti-6Al-4V alloy through Micro-EDM and studied the influence of process parameters and gaps using the grey relational analysis (GRA)-Taguchi technique. The use of the GRA with Taguchi technique yields better results for tool electrode wear and overcut.Based on the above literature, the characteristics of EDM for machining holes on Inconel 718 are influenced by various input parameters. Each performance characteristic has different combinations of optimal process parameters and thus, in the case of multiple responses, the selections of optimal machining parameters are difficult. The grey system, proposed by Deng [15] , handles the vague information and thus the GRA method is recommended as a principal method for multiple response optimisation. Therefore, researchers optimized the machining of Inconel 718 using electrical parameters and inter-electrode gap (IEG).In this paper, EDM process parameters: I, V, t on and t off were optimized through the L 18 orthogonal experimental design method, and the GRA method considering multi-responses, such as machining rate (MR), tool wear rate (TWR), overcut (OC) and taper overcut (TOC). Not much work has been done using the grey-Taguchi and TOPSIS methods although these can be easily applied for multi-objective optimization. The significant contribution of this research is in using these methods to study the influential parameters that provide the best results with the available sparse data.Based on GRA and TOPSIS, the optimum level parameters for EDM have been identified. Furthermore, the tool wear behaviour is also studied through scanning electron microscope (SEM) images by varying the voltage.
EXPERIMENTAL
The experimental set-up for EDM machining process is shown in Fig. 1 . It consists of a maximum working voltage of 415 V, maximum current of 25 A, work table size of 600 mm × 400 mm, a maximum electrode length of 400 mm, and a servomotor for inter-electrode gap control. Inconel 718 has been selected as a workpiece material, whereas a brass electrode of Ø 0.5 mm is used with EDM oil as the dielectric medium. Tables 1 and 2 provides the details of chemical and mechanical properties of Inconel 718 [16] . The thickness of workpiece is 3.1 mm.
Since the discharge energy is primarily determined by current (I), voltage (V), pulse on-time (t on ), and pulse off-time (t off ), these factors are used as the input parameters. These parameters are selected based on the literature review, and levels are identified based the preliminary experiments;10 A, 12 A and 14 A have been considered as current variables; 30 V, 40 V and 50 V have been chosen as voltage variables;100 µs, 150 µs and 200 µs have been chosen as t on values with t off values of 20 µs, 30 µs and 40 µs. Table 3 shows the experimental layout using an L 18 OA. MR is calculated by dividing the length of the through hole with the machining time required to complete the through hole. TWR is calculated using the relation mass is ρ × v, where ρ is brass density, v volume of brass tool (πr 2 h), h brass tool height. During the start and end of each 
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MR is the measure of machinability of the material. Hence, for a characteristic like MR, "larger-the-better" is considered and the obtained MR data values are homogenized as shown below [14] :
where x i j * ( ) are the homogenized MR after the preprocessing, is the signal-to-noise ratio of the MR, where i = 1 for MR; i = 1, 2, 3, …, 18 for experiments 1 to 18. EDM performance is also measured using TWR, OC and TOC. Hence, to achieve better machining quality, the "smaller-the-better" is considered in view of minimizing TWR, OC, and TOC. Therefore the actual sequence must be normalized as follows [14] :
are reference sequence, deviation sequence and comparability sequence, respectively.
(3) Similarly, other computation was carried out for 18 experiments and the values of all Δ 0j for j = 1, 2, 3, …, 18 are represented in Table 4 .
In continuation of data preprocessing, a coefficient for grey relational analysis is found using the relation given below [14] :
where ζ is a unique coefficient and ζ is considered as 0.5 because all parameters are given equal weight.
The grey relational grade (GRG) presented in Table 5 is calculated by averaging the GRC and overall 
where γ j is the GRG of j th experiment and b is the number of performance characteristics.
DISCUSSION
The multi-response performance index presented in Table 6 presents the average value of the GRG for every level. The highest value of GRG indicates the best possible level of the process parameters. The calculated higher GRG value indicates the closeness to the optimal value. The total mean of the GRG for the eighteen runs was estimated and is presented in Table 6 . The optimal parameter combination for better MR and lesser TWR, OC and TO is found to be (A 1 B 1 C 3 D 1 ) as given in Table 6 . 
ANOVA
The influence of process parameter on the performance characteristic was analyzed using analysis of variance (ANOVA). The effect of process parameters is measured by the sum of the squared deviations. It predicts˝the influential process parameter on output performance. The total sum of the squared deviations (SS D ) from the total mean of the GRG y i can be calculated as:
In which, p is the number of experiments in the OA and γ j is the mean of the GRG for the j th experiment.
The sum of the squares (SS) calculated is divided by degrees of freedom (DoF) to obtain mean square of a factor (MS j ) or error (MS e ). The percentage contribution (φ) of each of the design parameters is obtained using the Eq. (7) [14] . 
Moreover, Fisher's test (F test) is also performed to establish machining parameters' influence on the performance characteristic [17] . ANOVA for GRG is presented in Table 7 . Based on the ANOVA, table voltage and pulse off-time show a higher percentage contribution, hence voltage and pulse off-time are dominant parameters that affect the MR, TWR, OC and TOC. In EDM, increase voltage increase the current required for machining which improves the ionization effect between the tool and electrode. This ionization effect increases the temperature of the tool and electrode, resulting in melting of workpiece material. The molten material resulted from heating is evaporated during pulse off time of the EDM process. Hence, the voltage and pulse off-time are considered as significant factors in EDM. 
Confirmation Test
Confirmation tests were performed to show the improvement of performance characteristics [14] . The calculated GRG (I) is calculated as shown below:
where η m is the total mean of the GRG, q is the number of significant parameters; η i is the mean of the GRG at the optimal level. The predicted MR, TWR OC and TOC overcut and GRG for the best possible machining factors are estimated using the Eq. (8) .
Based on the confirmation test, GRG has improved by 0.0153 from the initial level; hence, as a whole, the performance of EDM process has been improved.
TOPSIS
The TOPSIS method is used to find an ideal solution, and the following steps are followed to find the optimal parameter combination [18] .
Step 1: The decision matrix consists of 'n' attributes and 'm' alternatives, and it is represented in Eq. (9) . 
Here T ij is the performance of i th alternative with respect to j th attribute.
Step 2: Using Eq. (10), normalize decision matrix values were found. 
Step 3: Weight for each response are calculated, and the associated weights are multiplied with normalized decision matrix to obtain the weighted normalized decision matrix. The weighted normalized decision matrix is obtained as:
where i = 1, ... , m and j = 1, ..., n. M j represents the weight of the j th attribute or criteria.
Step 4: Positive ideal solution (PIS) and negative ideal solution (NIS) are determined as follows: N + = (n 1 + , n 2 + , ..., n x + ) maximum values,
N -= (n 1 -, n 2 -, ..., n x -) minimum values.
Step 5: The separation of each alternative from positive ideal solution (PIS) is calculated as: 
The separation of alternatives form the negativeideal solution is expressed in Eq. (15) . 
Step 6: Eq. (16) is used to find the relative proximity of the different alternative to the ideal solution. 
Step 7: the P i values (preference value) are ranked in descending order to find the optimal parameters combination.
TOPSIS Analysis
The four responses such as MR, TWR, OC and TOC are normalized using the Eq. (10) . In this analysis, the weight criterion for MR, TWR, OC and TOC are 0.2154, 0.0177, 0.5644 and 0.2026, respectively. The relative normalized weight matrix has been computed using the proper weight criteria. The weight criteria are multiplied to obtain the normalized weighted matrix using Eq. (11) . The ideal and the negative ideal solutions are calculated from the normalized weighted matrix table; that is, V MR + = 0.0778, V MR − = 0.0164, V TWR + = 0.0077, V TWR − = 0.0002, V OC + = 0.5417, V OC − = 0.2040, V TOC + = 0.0900 and V TOC − = 0.0121. The separation measures of each condition from the ideal and negative ideal solutions were computed with Eqs. (14) and (15) . Finally, the relative closeness coefficient (CC) value for each combination of factors of EDM process is calculated using Eq. (16) , which is shown in Table 8 . It is evident from Table 1 that experiment No. 1 is the best experiment and experiment No. 3 is second best alternative. According to this result, it is recommended to choose experiment No. 1, which has the highest proximity coefficient value among alternative experiments. Thus, it is evident from the TOPSIS analysis that the combination of process parameters such as 10 A, 30 V, 100 µs and 20 µs is suitable for the best EDM performance measures.
On comparing the grey-Taguchi and TOPSIS method results, the best level for I, V and t off are 10 A, 30 V and 20 µs. Based on these results, the pulse on time shows two optimal levels, 100 µs and 200 µs, respectively. Although the levels for pulse on time are different, it will not have any significant impact on the performance since the contribution of pulse on time is very minimal, as shown in ANOVA Table  7 . Hence, based on the results, it is clear that both these approaches are viable for arriving at the optimal process parameter combination with the available sparse data.
Analysis of Tool Wear
The tool electrode is the important factor which decides the shape accuracy of the drilled hole. In order to understand the tool wear behaviour, experiments are conducted by varying one parameter at a time. Based on Table 7 , the voltage is the most influential parameters. Hence, the voltage is varied by keeping the other parameters such I, t on , and t off constant. The voltage value is varied as 30 V, 40 V, 50 V by keeping the I, t on , and t off at 14 A, 200 µs, and 40 µs, respectively. Each experiment is repeated once. Based on the SEM micrograph, which is shown in Fig. 2 , it is evident that the wear pattern varies with the voltage. It is evident from Fig. 2 that the recast layer pattern observed around the circumference of the hole varies with voltage. It is due to the fact that tool wear on the electrode is not even and, hence, the uneven electrode face will have different proximity towards the workface, resulting in uneven recast layer on the circumference of the hole. Further studies are required to understand the tool wear behaviour when machining Inconel 718.
CONCLUSIONS
Machining characteristic optimization of EDM for Inconel 718 is preformed using grey-Taguchi method. The optimal machining parameters were found using GRG for multi-performance characteristics. Eighteen experimental runs based on OA have been performed. The optimal combination of input parameter to acquire better responses based on grey-Taguchi has been found to be I (10 A), V (30 V), t on (200 µs) and t off (20 µs). According to ANOVA, the voltage and t off plays a prominent role in machining Inconel 718. The confirmation test result proves that there is a notable improvement in the GRA value from 0.6969 to 0.7122, when machining is done with the optimal parametric combination. Based on the confirmation test, it is evident that GRA may be applied with sparse data in manufacturing industries to optimize the EDM process parameters to be competitive in the market. The best combinations identified using the TOPSIS method for better performance measures is 10 A, 30 V, 100 µs and 20 µs. These multi-objective optimization techniques are found to be suitable for optimizing the EDM process parameter. Tool wear behaviour is also studied through SEM images by varying the voltage. The SEM micrographs confirm that the wear pattern varies with the voltage. Hence detail analysis and optimization of electrical parameters may be considered as future work.
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